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Figure 5. S-band spectra of Goddard Range and Range Rate System uplink and downlink signals. 







D. Apollo Unified S- Band System 

The Unified S-R'tnd System was developed to provicle reliable tracking 'l11d 
communications to the Apollo manned spacecraft at lunar ciistance (VarAon, 
1965). The unified systems approach was used in order to reduce the amount of 
equipment required aboard the spacecraft. 

The tracklng and communicati,lJls with the Apollo o;pacecraft during the lunar 
missions are providc~ hy three primary f:>r.Wties, employing 85-fool art('nnas 
spaced at approximately equal intervals of longitude around the earth (Goldstone, 
California: Madrid , Spain and Honeysuckle Creek, Australia) to provide n con
tinuous coverage of the lunar missions. Three of the Deep Space I nstrumenta
t ion Facilities at appr Oximately the :;ame locations are equipped to serve as 
backup to the primary stations. Each of these facilities, both primary and bad.-up 
s tations , are equi pped to track and provide communications with both thle' lunar 
excursion module and the command module simult'lncously. 

In addition to the s tations with the 85-foot antennas, a number of other 
stations employing 30-foot antennas are also r equired in the ne twork. These 
sys tems are needed for launch coverage and for coverage in between the gaps 
of the three lunar stations when the AflOllo spacecraft is in c lose earth orbit. 
Four land stations (Cape Kennedy, F lorida; Grand Bahama, B.W.I. , Antigua: and 
Bermuda) and one instru mentation ship are required to provide continuous USB 
coverage from launch through insertion. Seven land s tat ions (Canary Island; 
Guaymas, Mexico; Corpus Christi, Texas; Ascension Island ; Carnarvon, Aus
tralia; Guam ; and Hawaii) and two additional instrumentation s hips are r equired 
to complete the USB system coverage requirements . In addition to these sta
tions (Figure 7) the lIIanned Space Flight Network also indudes one r eentry ship 
and eight instrumented aircraft. 

There are several variations to the basic USB system: the single and dual 
30-foot syste m, the primary and haekup 85-foot antenna systems, and the s ingle 
and dual instrumentation ships. However, the s ame general systems concept is 
utilized for tracking in e ach one of the syste ms. The USB s ystem that is used 
with the 85-foot primary antenna systems will be used to illustrate the s ystem 
des ign concepts. The system block diagram is shown in Fignre 8 . The design 
of the USB system is based on the coher ent doppler and pseudo-random r ange 
system (Lindley, 1965 ; J.P.L. , 1963) which has been developed by the Jet Pro
pulsion Laboratory. The USB system is a hybrid system in that the pseudo
random range code is used to ohtain the range to a resolution of 300 m of one
way range, and then finer range resolution is obtained by phase locking the re
ceiver to the shortest code (2 bits) and measuring the phase differ ence between 
the transmitted code and the received code thereby using the shortest code as a 
ranging sidetone. This is done to a resolution of one-half a bit period which 
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Figure 7 . The NASA Manned Space Fl ight Network configuration 
for Apollo trocking and data acquiSition. 

corresflOnds to 75 m of range. Once ranging code acquisition has been accom
plished the system switches from tallying every one-half bit period to tallying 
every 16th S-band doppler cycle. This improves the resolution to apprOximately 
± 1 m. 

A single carrier frequency is utilized in eacb direction for the transmission 
of all tracking and communications data between the spacecraft and ground. The 
voice and up-data are modulated onto subcarriers and then combined with the 
ranging data. This composite information is used to phase-modulate the trans
mitted carrier frequency. The frequency spectrum is shown in Figure 9 . At the 
spacecraft, the carrier is received n.nd coherently transflOnded (Hood, 1965 ; Kuy
kendall, 1965) by the ratio of 240/221 and then retransmitted to the ground sta
tion. In the transflOnder, the subcarriers are extracted from the r.f. carrter and 
detected to produce the voice and command information. The ranging signals, 
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The doppler counter (Hocking, 1965) has two m(xles, destruct and non
destruct. In U,C d<'struct mode, the lOa-MHz coun'.;;· performs a high
resolution time measuremcnt of a predetermined number (N) of biased-doppler 
~j.nles. Thc measurement is made in the following maMer. A pulse from the 
time standard system opens a gate and the first positive zero crossing of the 
first gated biased-doppler cycle is shaped and advances the N-counter to state 1. 
This transition turns the lOa-MHz counter on, which starts immediately count
ing lOa-MHz pulses (synthesized, 1 MHz input from the time standard system). 
The gating of the biased-dopple!". signal continues until the count of 't!' has been 
reached in the N-counter. At the positive going zero crossing of the ,~ ... I' th 
cycle, the gate and the lOa-MHz counter are turned off. The result is a 100-lIUlz 
counting operation for precisely the period of time between positivE' going zero 
crossings of the first and 'N + l'th biased-doppler cycle. The advantage of N
counter techniques is briefly that high resolution measurements (10 nsec) are 
aVailable with short measurement periods. 

In the non-destruct mode the same operation takes place, except that 'N' is 
very large and the off pulse never occurs to turn off the gate. The counting op
eration continues without disturbance or reset throughout the spacecraft tracking 
period. The advantage of the non-destruct technique is that a continuous, un
disturbed doppler measurement is made with no data gaps such as exist in the 
destruct mode. In the non-destruct mode, the N-counter contents are transferred 
to storage each 0.1 sec or once per second. 

The performance of the USB tracking system is summarized as follows. 
The overall system ranging accuracy is apprOximately ± 15 m. Ranging ac
curacy is limited by drifts and instabilities in ground and space loops. The 
minimum range acquisition time is 1.6 sec at strong signal levels and can go as 
high as 30 sec at lunar distances in the MSFN configuration. The range-rate ac
curacy of the system is better than 3 cm/sec. 

E. Laser Ranging Systems 

The newest and the most precise ranging system used in space exploration 
today is the laser pulse ranging system. This is a pulse radar system at optical 
frequencies. A high powered laser transmits a very short pulse of optical 
radiation toward the satellite. Retrodirective optical reflectors on the space
craft return the light pulse to the ground along the same path. The ground re
ceiver located next to the transmitter detects the received pulse. The time 
interval between the emission and the detection is a measure of the range to the 
satellite. 

There are now six satellites in orbit which have arrays of cube-corner 
retroreflectors designed for laser ranging. These are the U.S. satellites Beacon 
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Explorer Band C (ElI.'Plorers 22 and 27), GEOS 1 and 2 (Explorers 29 and 36), 
and two French satellites 0-lC and 0-10. The reflector arrays (Plotkin, 1964) 
are composed of accurately polished fuzed silica cube-corners, which reflect 
incident radiation back towards its source, with relatively high efficiency. A 
photo~aph of the reflector array for the Beacon Explorer satellites is shown in 
Figure 11. The retrodirective arrays are fairly inexpensive and lightweight. 
Passive transponders of this type have a big advantage for precise ranging be
cause they do not introduce any transponder biases in the range determination. 
One of the main error sources for radio ranging systems is the transponder 
bias error introduced in the spacecraft. 

Since the first Beacon Explorer B satellite was launched into orbit in October 
1964, a number of organizations (Plotkin ~ru., 1965; Snyder ~ gl., 1965; Bivas 
and Morael-Courtois, 1966; Iliff, 1965; Lehr ~ !!!., 1967) have been employing 

Figure 11. Optical reflector array on Beacon Explorer B. 
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pulse ruby lasers [or precise satellite tracking. The IXJssihil it)' o[ generating 
extremcly short laser pulses coupled with the passive ll'allspond('l' on the satel
lite" ;"dicalcd that very precise ranging was possible with tillS technique. This 
techniquc has bccome a very valuable tool for improved orbi t determination and 
satellite geodesy. 

Figure 12 is a photograph of the laser 'ranging system developed by Johnson 
~~. (1967), at the Goddard Space Flight Center. The system consists of a ruby 
laser transmitter, a receiver-detector system, a preCise trac!,ing pE:J:::!tal to 
point the laser transmitter and receiver, and a ranging and data-control system. 
The laser trans mittel' is a water-cooled ruby laser " 'hich incorporates a combi
nation rotating prism and bleachable liquid 'Q'-switch with an output beam samp
ling unit and lO-power collimating optics. The divergence of the transmitted 
laser beam is 1.2 milliradians. The laser trans mitter is operated at 1 pulse 
per second. Each pulse normally has an energy between 0.9 and 1.2 J, with a 
rise time of 5 to 8 nsec and a half-widtb of 12 to 15 nsec. 

, 

l:: 

Figure 12. Goddard pulse ruby loser ranging system {Johnson ~ !!l., 1967 ). 
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The receiving antenna is a 40-0111 a.pe rture, 762-cm effective focal length 
Cassegrain telescope. The rccei vcr detector system is housed in a light tight 
compartment at the focal point of the telescope. An adjustable iris determines 
the field of view. An interference filter and an EM! 9558 A photomultiplier de
tector follow the adjustable iris. 

Both the laser transmitter and the receiving system are mounted together 
on the same tracking pedestal. The pedestal for this system is a modified Nike
Ajax radar mount. The elevation axis was modified to allow mounting of the 
laser transmitter and the 40-cm aperture receiving telescope. A 32-power 
view f",oder, used for visual observation of the satellites, is mounted parallel to 
the laser and the receiving telescope on the top portion of the elevation axis. 
Seventeen-bit shaft encoders on both azimuth and elevation are used in digitally 
controlling the tracking pedestal according to both predicted satellite orbit po
sitions and visual corrections. 

The operation of the Goddard laser ranging system is diagrammed in Figure 
13. The time code generator sends 1 pulse per second to the laser power supply 
to trigger the start of a laser pulse. The rotating prism 'Q'-switch is not syn
chrOnized with the 'on-time' pulse. Therefore the laser fires from 8.5 to 11 
millisec after the command time. The precise time of the firing of the laser is 
detected with a laser beam monitoring unit. The pulse from the monitor starts 
a 1000-MHz time interval range unit. The monitor pulse also starts the range
gate system which rurns on the receiver photomultiplier avalanche detector during 
a short interval about the time at which the predicted signal is e"1JCcted to ar
rive . The detected received pulse stops the time interval unit. The resolution 
of the time interval unit is equivalent to a range resolution of 15 cm. 

The Goddard pulse laser ranging system has been used extensively for the 
GEOS satellite program of intercomparison and calibration of the network satel
lite tracking systems. Figure 14 shows the laser range residuals from a short 
arc orbit solution during a typical pass. The plotted points are differences be
tween individual las€'r observations and the range calculated from an analytical 
orbit adjusted to a least variance fit. The r.m.S. scatter about this smooth 
curve is about 1 m. This is an indication of the precision of the laser ranging 
system, as distinguished from accuracy. The system accuracy has been de
termined by calibrating the system against carefully measured distances on the 
ground, and by conducting simultaneous ranging of the GEOS spacecraft with 
several independent ranging systems collocated at the same site. Early in 1968 
the laser tracking system was moved to Wallops Island, where it was in close 
proximity to an FPQ-6 radar, an FPS-l6 radar, a SECOR station, and a photo
graphic camera. All of these systems were used to track GEOS 2 Simultaneously, 
so that their Intercomparison would not suffer from the uncertainties in station 
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Figure 22. NASA 8S-foot diameter paraboloidal antenna at the STADAN station, 
Rosmon, North Carolina. 
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STADAN is designed to handle as many as 50 spacecraft in orbit at the same 
time. In order to handle such a workload, each station has several data acquisi
tion links. A link (Filipowsky and Muehldorf, 1965) is defined as the string of 
electrOniCs systemS required for data acquisition from one satellite. The ground 
station part of a telemetry link consists of the telemetry antenna, receiver, de
modulation equipment, telemetry data handling equipment, data transmission 
system, and data recording systems. A command link consists of the command 
antenna, command transmitter, and the command encoder. Each STADAN station 
has several telemetry links and command links which enables them to acquire 
data from several satellites simultaneously. 

Since the majority of the scientific satellites use only 136 111Hz for data 
transmission, most of the STADAN ground stations have several additional data 
acquisition antennas for that band only. The sky temperature is so high at VHF 
that gain is the dominant factor in the antenna figure of merit. Arrays generally 
have much higher gains than paraboloids with the same physical aperture areas . . 
Thus arrays are used predominantly in the VHF band. Figure 23 is a photograph 
of the 136-1I1Hz automatic tracking antenna (Lantz and Thibodeau, 1967) used in 
the NASA Satellite Tracking and Data Acquisition Network. It consists of an 
array of yagi elements. It has a gain of 22 db, and receives two orthogonal polari
zations simultaneously for polarization diversity. 

The antennas utilized for tracking and data acquisition at frequencies of 
1800 MHz and higher are generally of the Cassegrain paraboloidal type of design. 
As discussed earlier a very low-noise antenna system is required in order to 
achieve the low total system noise temperature possible in the 1800- to 
10000-1IUIz region of the spectrum. A considerable reduction in antenna tempera
ture can be obtained by reducing the antenna spillover lobes and the back lobes 
which look at the earth. Side lobes near the main beam are not as critical be
cause they are looking at cold sky. The Cassegrain reflector antenna, as shown 
in Figure 24, is used extensively because it has very low back and spillover lobes. 
The reasons for the low level of lobes in the rear direction can be from the 
geometry. The feed is completely shielded in the rear hemisphere and the feed 
pattern beyond the hyperbolic subreflector is in the forward direction. This in
creases the sidelobes close by the main beam but greatly reduces the spillover 
lobes at large angles to the main beam. mumination beyond the edge of the para
boloid is greatly reduced because the pattern of the hyperbolic subreflector has 
a relatively sharp drop at the edge of the paraboloid. Thus the back lobes of a 
cassegrain antenna are very low. 

An important practical advantage of the Cassegrain antenna is that the feed 
is back at the main antenna structure. In the USB system, the antenna is used 
for both transmitting and receiving. Thus both the transmitting equipments and 
the low-nOise preamplifier systems (such as cryogenically cooled parametric 
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Figure 23. 136 MH z automatic tracking telemetry antenna, NASA STADAN. 
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amplifiers) are located next to the feed. These tend to be large and heavy. This 
weight easily can he supported hy the main antenna structure but it would be 
difficult to support at the focal ' point of the paraboloid, as would be required with 
a fo"al point feed. 

Another advantage of the Cassegrain configuration is that higher antenna 
efficiencies are possible with a Cassegrain feed system than with a focal point 
feed. Potter (1963) has developed a horn feed with very low sidelobes which ob
tains very high efficiency in Cassegrain antennas. He used a conical horn ex
cited in the throat region in both the dominant TEll mode and the higher order 
TM I I mode. These two modes are excited in the horn aperture with appropriate 
relative amplitude and phase to suppress the sidelobes and to equalize the beam
widths to match the Cassegrain subreflector. This same principle has been used 
in the design of the Apollo USB Cassegrain monopulse antenna feeds and for the 
S-Band Cassegrain feeds for the JPL Deep Space Network stations. 

The antenna mount a.,<is cOnfiguration is unique to antennas used for track
ing and data acquisition from eartb orbiting spacecraft. A satellite tracking 
antenna must be capable of tracking througb all parts of the sky above a few 
degrees elevation and have its best tracking capability around the zenith po
sition. The X-Y mount (Rolinski ~~., 1962) was developed specifically for 
space data acquisition antennas, and is used extensively in the NASA Space 
Tracking and Data Acquisition Network and the NASA Manned Flight Network. 
The X-Y mount has the primary axis placed horizontally, and the secondary 
axis placed orthogonal to the primary axis such that the secondary axis is hori
zontal when the antenna is pointed at the zenith. The primary axis is called the 
X-axis and the secondary axis is called the Y-axis. The axis motions of an 
X-Y antenna mount are shown in Figure 24. All two-axis antenna mounts have 
a gimbal lock pOSition in the direction of the primary axis. Gimbal lock is the 
failure of the mount to follow a moving satellite because the required angular 
shaft velocity exceeds the capability of the drive system. The relation between 
the primary shaft speed e and the velocity of the satellite during a tracking 
operation is e ; V 8 sec ¢ R where V 8 is the f) component of the satellite 
velocity in a plane perpendicular to the primary axis, ¢ is the angle between 
the satellite position and the plane normal to the primary axis and R is the 
range. For a satellite passing directly overhead, the angle ¢ is zero, sec ¢ is 
unity and the shaft speed is equal to the V sIR. For tracking in the direction along 
the primary a..'<is, however, the angle ¢ approaches 90·, the sec ¢ approaches 
infinity and the shaft velocity required also goes to infinity. When the required 
angular velocity of the primary axis exceeds the capability of the servo drive 
system, the antenna can no longer track the spacecraft. This inability to track 
in the direction of the primary a.,<is is referred to as gimbal lock. Satellite 
tracking requires the absence of gimbal lock zones above elevation angles of a 
few degrees. The X-Y-axis configuration places the gimbal-lock positions on 
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Figure 24. 3Q...foot Cassegrain antenna, Apollo Unified S·band system. 

the horizon. Antenn.."l sites selected for low interference are usually valleys sur
rounded by hills which shield the antenna from man-made interference. These 
hills prevent data acquisition at the horizon. Hence, the gimbal lock position at 
the horizon does not cause any loss of data. 

Another feature of the X-Y mount is that the relation between the axis ro
tation and the velocity of the satellite is complementary to the relation between 
the angular velocity of the satellite and the maximum elevation of the satellite 
position. The peak angular velocity of a satellite during a pass is a maximum 
for a zenith pass and decreases with passes of decreasing maximum elevation 
angle. As a result, the highest X-axis shaft speed is essentially independent of 
the meridian elevation angle of the satellite pass for meridian elevation angles 
above 20'. Consequently the X-Y mount will track satellites throughout the en
tire sky above a few degrees elevation with moderate shaft velocities and ac
celerations. In addition, the zone of maximum tracking capability matches the 
zone of highest satellite angular velocity. 
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The X-Y-mount has another advantage. It is not necessary to use slip rings, 
rotary r .f. joints, or extensive cable wrap systems to bring out the r.f. and power 
lines. Each axis travels only ± 90'; thus a simple flexible section of cable is all 
that is needed to go across either axis. 

J\ll space tracking and telemetry antennas use autotrack in order to ac
curately follow the spacecraft across the sky. This is important in the very 
early phases of a mission such as launch phase or immediately after launch dur
ing which the orbit of the spacecraft is not known precisely enough to program 
an antenna. The STADAN and the Manned Space Flight Network antennas use 
monopulse autotrack (Rhodes, 1959; Cohen and Steinmetz, 1959). With mono
pulse, the full antenna gain is available for the reception of tracking and telem
etry signals, and simultaneously the monopulse system provides continuous 
tracking information to the antenna servo system. Multimode feed designs have 
made possible fairly high effiCiencies for tracking and data acquisition with the 
monopulse autotrack capabilities . 

All of the STADAN data acquisition antennas have provisions for polarization 
diversity operation. This is required because most of the satellites in orbit are 
spin stabilized, and consequently the polarization of the signal received from the 
spacecraft is continuously changing as a function of the spin of the spacecraft. 
It is not possible for a fixed polarization in a ground antenna to match the in
coming polarization from a spinning spacecraft for the duration of the satellite 
pass. Consequently all STADAN antennas have the capability of receiving on 
both of the two orthogonal linear polarizations or on both of the two orthogonal 
Circular polarizations. 

B. Polarization Diversity Receiving Systems 

It is well known from vector theory that the polarization of any signal can be 
represented by two orthogonal polarization components of the appropriate phase 
and amplitude. Thus, by receiving the two orthogonal components and adding 
them together in proper phase relationship, one can completely reconstruct the 
original signal. Phase tracking techniques make it possible to receive the maxi
mum signal strength for all aspects of a spacecraft. This is the principal for 
polarization diversity in space data acquisition. 

Polarization diversity requires two receiver channels, one for each polariza
tion. Early systems utilized two independent phase-lock receivers but this had 
the drawback that the receivers tended to drop out of lock during the extreme 
signal fades. Laughlin (1963) and DiLosa (1966) developed a diversity phase-
lock receiving system which utilizes a common lock loop for both channels, and 
thereby avoids the loss of lock when one channel is below threshold. The block 
diagram of the diversity lock loop is shown in Figure 25. The frequency tracking 
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Figure.26. 136 MHz vertical and horizontal monopulse channel polarization fading 

characteristics for Tiros X satellite (Taylor, 1967). 

satellite pass . This is to be expected because the very deep fades occur for al
most complete cross polarization. The short-term signal fading is correlated 
with the satellite spin rate. The pattern of erroneous tracking error signals 
(indicated as antenna angular jitter) occurs in correlation with the deep nulls of 
the signal . If the monopulse tracking receivers had been connected to the an
tenna drive s-ystem. the erroneous tracking error signals would have driven the 
antenna away from the correct bore sight position. The pattern on the record in 
Figure 26 shows a very large cyclical tracking error signal. Under operational 
conditions such a signal causes the antenna to go into wild oscillations. Polariza
tion diversity monopulse receivers are the answer to this problem. 

Taylor (1967) has developed an Automatic Polarization Diversity Autotrack 
Receiver (APDAR) for simultaneous-Iobing monopulse systems. This APDAR 
receiver uses the multiple phase-lock loop technique described above that auto
matically tracks the phase of the two orthogonal polarization signals. compares 
phase to a coherent reference. and then provides coherent addition of the ortho
gonal polarization signals in a predetection diversity combiner. This phase-lock 
system maintains the phase-lock loop with the maximum signal under conditions 
of severe fades in one of the polarization channels. The phase-lock loop system 
in the two orthogonal sum channels are used to generate the referenced signals 
for the error channels. Error channels for both orthogonai polarizations are 
combined in a maximal-ratio diversity combiner in exactly the same manner as 
in the sum channel. The polarization diversity combiner eliminates the cross
polarized component ili the vicinity of the null point by appropriate AGC weighting 
action. 

Operational tests (Taylor. 1967) have demonstrated the excellent performance 
of the APDAR monopulse receiver under conditions of polarization fading. The 
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Goddard Range and Range Rate system for the new 8-band frequencies will use 
the APDAR principle for autotrack. 

The sum channel portion of the APDAR receiver has all of the polarization 
diversity characteristics needed for telemetry reception. Consequently. it is a 
very simple matter to provide receiver designs that perform both the monopulse 
autotrack function and the telemetry reception function simultaneously. This fits 
into the concept of unified tracking and data acquisition systems which make 
more effective use of the electronic systems through common ecpipment utiliza
tion, The new Goddard Range and Range Rate receiver will have the capability 
of simultaneous autotrack. ranging signal reception and telemetry reception. 
This follows the trend toward multi-function receivers. Multi-function receivers 
permit great operational flexibility at a multi-link ground station. Several iden
tical receivers can be switched into or out of vaIious telemetry links in order 
to provide each link with the required number of receiver channels. The re
quired number of receivers changes from satellite to satellite . Hence. the sta
tions need the capability to rapidly switch from one configuration to the other. 
Remote switching of many identical receivers provides this type of flexibility. 
Shaffer and King (1968) show that centralized control of these receivers aids the 
flexibility of operation and reduces the number of operating personnel required 
for the complex. The ne>."t generation of tracking and data acquisition receivers 
should have the capability of remote operation by either an operator or a digital 
computer. 

C. Telemetry Data Handling 

In the early days of space exploration. various types of telemetry systems 
were used on spacecraft. Gradually there has been a shift towards the use of 
pulse code modulation (PCl\!) telemetry for space exploration. The Apollo Uni
fied S-Band system transmits analog voice and television and PCM telemetry 
from the spacecraft. PCM is the standard telemetry system for the NASA un
manned automated earth orbitin~ spacecraft. The reason for this trend is that 
PCM telemetry allo\\'s combining of all subchannels into one format and provides 
better transmission ('conomy. Flexible and programmable PCM telemetry ground 
systems make possible' dcmultiplexing and processing of PCM data received 
from a spacecraft in :U most any format. 

In PCM, the data is converted to digital form; the data from each channel is 
in the form of telemetry digital words. The words from each channel are time 
division multiplexed into a predetermined format. Thc format contains fixed 
length framcs starting with frame synchronization words. format identification 
words. commutation sequence identification. and other idcntification words to 
enablc the ~round computers to properly handle the telemctry data. Frequency
shift kcyi~ or phase-shift keying are commonly used to modulate the telemetry 
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